Mixed inoculation of the grain legume faba bean (Vicia faba L.) with Rhizobium leguminosarum bv. viceae strain Z25 and ®ve different Azotobacter chroococcum or A. vinelandii strains, under gnotobiotic conditions of culture, resulted in signi®cant effects on nodulation, plant growth and nitrogenase activity (acetylene-reduction activity, ARA) of nodulated roots at thē owering stage. A. chroococcum strain H23 and A. vinelandii strains ATCC 12837 and Dv42 promoted plant growth, signi®cantly increasing dry matter accumulation in all plant parts including nodules, as well as total N content. A. chroococcum strain DR26 increased ARA of nodulated roots over 100% when compared with control plants inoculated with Rhizobium alone. Only A. chroococcum strain DR25 decreased plant growth. The effects of each Azotobacter strain are signi®cantly related to viable cell numbers applied as inocula. #
Introduction
Free-living, aerobic N 2 ®xing bacteria of the genus Azotobacter were discovered at the turn of the century (Beijerinck, 1901) and their N 2 ®xing associations with plants were then soon investigated to improve the productivity of non-leguminous crops. This subject received considerable institutional support in the former Soviet Union during the 1930s. The results of numerous ®eld experiments, extensively reviewed by Rubenchik (1963) , were reported in support of yield increases of over 10% for cereals (wheat, maize, rye, oat) , sugarbeet and vegetable crops (sweet potato, cabbage, carrot, cucumber, tomato) in response to application of Azotobacter inoculants marketed as Azotobakterin TM . Later attempts to reproduce these results in experiments conducted in other regions of the world failed, and Azotobacter inoculation practices were almost abandoned; nevertheless, publication of papers claiming the effectiveness of these rhizobacteria for stimulating the growth of several crops has continued (Becking, 1992) .
The plant growth-promoting effect of Azotobacter is not only related to the cession of available ®xed N to the plant. N 2 ®xation has been shown to be involved in plant growth-promotion, for example, the highly speci®c association that A. paspali establishes with one ecotype of Paspalum notatum (Do Èbereiner and Pedrosa, 1987) ; however, A. paspali also enhances growth of other dicotyledonous and monocotyledonous plants even in the presence of high levels of combined N (Abbass and Okon, 1993) . Production of plant growth regulators such as phytohormones and vitamins is a common feature among azotobacters (Arshad and Frankenberger, 1991) and it has been reported for strains of the three species (A. chroococcum, A. vinelandii and A. paspali) that associate with the rhizosphere of plants (Do Èbereiner and Pedrosa, 1987; Martõ Ânez-Toledo et al., 1991) . These growth regulators in¯uence plant root proliferation, respiration rate and metabolism, improving mineral and water uptake in inoculated plants (Okon and Itzigsohn, 1995) . Antifungal activity of Azotobacter strains is also common, and thus suppression of pathogenic fungi by these bacteria has been frequently discussed as a mechanism bene®ting plant growth (Brown, 1974) .
Ecological interactions between rhizobia and other soil bacteria have been of interest in recent years because of their agronomical implications. Many papers have reported enhancement of nodulation and growth of a wide variety of forage and grain legumes, due to a positive interaction between Rhizobium species and diazotrophic soil bacteria of the genus Azospirillum (Iruthayathas et al., 1983; Plazinsky and Rolfe, 1985; Sarig et al., 1986; Yahalom et al., 1987; del Gallo and Fabbri, 1991) . Azotobacter (particularly A. chroococcum) occurs widely in agricultural soils of temperate regions with almost neutral pH, and can be easily found in association with cereal and legume rhizospheres (Kole et al., 1988; Martõ Ânez-Toledo et al., 1991) . However, the in¯uence of these bacteria on Rhizobium±legume symbiosis has been explored to a lesser extent (Burns et al., 1981; Hassouna et al., 1994) , particularly on grain legumes.
To our knowledge, there are no previous reports of the effect of Azotobacter on rhizobial symbiosis and growth of faba bean (Vicia faba L.), one of the most important grain legumes in Mediterranean agricultural areas (Buttery et al., 1992) . Consequently, the main purpose of this work was to study under controlled conditions the response of nodulation, N 2 ®xation and growth parameters of faba bean to combined inoculation with Azotobacter plus Rhizobium strains. In these experiments, we used wild-type Azotobacter strains, isolated and selected from bulk soil or the rhizosphere of Vicia faba plants cultivated in different agricultural soils of Granada (South Spain), a temperate region where faba bean culture is widely distributed. Reference strains obtained from culture collections were also included for comparison.
Material and methods

Isolation of soil microorganisms
The soil microorganisms used in these experiments were isolated from soil samples collected from the 15 cm upper layer of ®elds periodically cropped with faba beans, at ®ve agricultural locations (Du Âdar, Fuente-Vaqueros, Monachil, Otura and La Zubia) near Granada (Spain). The methods previously described by Becking (1992) and Martõ Ânez-Toledo et al. (1985) were used for enrichment isolation of aerobic diazotrophs (Azotobacter spp.) from bulk soil samples and also from the rhizosphere of soil-grown faba bean plants. Typical Azotobacter colonies were picked from plates and restreaked for puri®cation. Pure isolates were identi®ed as A. chroococcum or A. vinelandii according to the criteria of Tchan and New (1984) .
Estimation of nitrogenase activity of Azotobacter isolates
The nitrogenase activity of all native Azotobacter strains was estimated by acetylene-reduction assay of mid-log phase broth cultures, grown aerobically (110 rev min À1 ) in Burk's N-free liquid medium (Wilson and Knight, 1952) for 24 h at 288C. Ethylene was determined using a Perkin-Elmer 8420 gas chromatograph equipped with H 2 -FID detector and a Poropak-T (80±100 mesh) column. Viable cell numbers of Azotobacter (colony-forming units, CFU) were estimated by standard plate counts in Burk's medium amended with 0.2% NH 4 Cl to avoid excessive exopolysaccharide production. Acetylene-reduction activity (ARA) was expressed as nmol C 2 H 4 (10 7 CFU) À1 h À1 .
Reference strains
The reference strains used were the following: Azotobacter chroococcum H23 (Spanish-type Culture Collection, CECT 4435), a strain originally isolated from maize rhizosphere by Martõ Ânez-Toledo et al. (1985) . The growth-promoting ability of strain H23 has been previously demonstrated on maize under laboratory and ®eld conditions (Martõ Ânez-Toledo et al., 1988a, b (Rodelas et al., 1998) .
Plant culture conditions
Test plants (Vicia faba cv. Alborea) were purchased from Semillas Pacõ Â®co, SA, Sevilla, Spain. This commercial cultivar was chosen because it is commonly used in mediterranean agricultural areas of Spain for its good adaptation and high yield. Seeds were handsorted for size uniformity and freedom from damage, surface-disinfected by soaking them in 90% ethanol for 2 min, rinsed thoroughly in six changes of sterile distilled water and left to imbibe in the dark at 258C for 5 h. Swollen seeds were pregerminated aseptically on sterile moist vermiculite at 258C for 48 h. Selected seedlings (with 2 cm radicle) were planted in autoclaved 1 l Leonard jars containing washed vermiculite amended with the N-free nutrient solution of Rigaud and Puppo (1975) .
Combined inoculation of plants
Selected Azotobacter strains were grown for 24 h in Burk's N-free liquid medium at 288C on a shaker (110 rev min À1 ). Late log-phase cells were harvested by centrifugation (10000 Â g) at 48C for 15 min, and washed twice with sterile 0.9% saline. Rhizobium leguminosarum bv. viceae strain Z25 was cultured for 24 h in yeast extract-mannitol broth (Jordan, 1984) at 288C with agitation (110 rev min À1 ). Growth of all strains was monitored by absorbance measurements of culture samples at 550 nm (A 550 ). Cell densities were related to viable cell numbers, measured as colony-forming units per ml (CFU ml À1 ) by standard plate counts. Azotobacter numbers were adjusted to 10 8 CFU ml À1 and 10-fold diluted in sterile 0.9% saline to obtain suspensions with 10 7 and 10 6 CFU ml À1 . Cell numbers of logphase cultures of Rhizobium were adjusted to 5 Â 10 6 CFU ml À1 . Plate counts were also carried out in all experiments in order to check cell numbers and purity of inocula.
The seedlings planted in Leonard jars were inoculated with 1 ml of an Azotobacter cell suspension, covered with sterile aluminium foil and placed in a plant growth room. Twenty-four hours later, the foil was removed and 1 ml of R. leguminosarum bv. viceae strain Z25 cell suspension was pipetted directly to each seedling. The controls received only a single inoculation with strain Z25. After inoculation, jar tops were covered with a 2 cm layer of sterile perlite before returning the plants to the growth room. The plants were raised in a controlled environment under a combination of¯uorescent and incandescent light with an intensity of 16 000 lux, a 16/8 h light-dark cycle, 23/178C day±night temperature and 55/75% relative humidity.
Plant harvest and determination of N 2 -fixation, nodulation and growth parameters
Plants were harvested at the beginning of¯owering stage, after 39 days of culture, and the following parameters were determined: speci®c ARA, expressed as mmol C 2 H 4 (g nodule dry weigh) À1 h À1 ; total ARA of nodulated roots, expressed as mmol C 2 H 4 plant À1 h
À1
; nodule dry weight (mg plant À1 ); number of nodules per plant, and root and shoot dry weight (g). ARA of nodulated root sections (2±4 cm), taken from coinoculated and control plants at the end of the experiment, was estimated by gas chromatography (Caba et al., 1993) . Shoots, roots and nodules were separately dried at 708C for 48 h, weighed and ground. Total N in ground samples of shoots and roots was determined by Kjeldahl analysis.
Tests for in vitro antagonism
In vitro antagonism between Rhizobium and Azotobacter strains used in the study for combined inoculation of faba bean plants was tested in agar media. Assays were carried out according to a deferred antagonism procedure described earlier (Gross and Vidaver, 1978) .
Statistical analysis
The effects of cell densities applied (10 6 , 10 7 or 10 8 CFU ml À1 ) and strains used for coinoculation (Control, H23, DR25, DR26, Dv42 or ATCC 12837) on the parameters studied were analysed by computer-assisted two-factor ANOVA with interaction, using the software package STATGRAPHICS version 5.0 (STSC, Rockville, Maryland,). F tests were used to determine the signi®cance of main effects and interactions and comparison between treatment means were based on the Student's t-test. Figures and Tables show the LSD 95% con®dence intervals for the A Â B interaction, and signi®cant differences compared with control plants are marked with (*). Pearson's linear correlation coef®cients among studied variables were also computed.
Results
Isolation and identification of Azotobacter spp. from soil and rhizosphere samples
Colonies resembling Azotobacter were easily isolated from all soil and rhizosphere samples by the methods employed. Three to seven pure isolates from each of ®ve soil locations were selected for further characterisation. Twenty soil and rhizosphere strains were identi®ed as A. chroococcum, whereas only strain Dv42 was identify as A. vinelandii. The ARA results of pure cultures of these 21 strains is shown in Table 1 . It is worth noting that strains DR25 and DR26, both isolated from rhizosphere of faba bean plants cultured in samples from the same soil location (Du Âdar), gave high values of ARA, signi®cantly higher than the average of all strains. A. chroococcum isolates DR25 and DR26 were thus selected for assays of combined inoculation of faba bean, along with strain Dv42 and the reference strains A. chroococcum H23 and A. vinelandii ATCC 12837. No inhibition zones were observed in tests carried out to detect in vitro antagonism in solid media between these ®ve Azotobacter strains and R. leguminosarum bv. viceae strain Z25.
Response of nodulation and N 2 -fixation to combined inoculation
Dry matter accumulation in nodules of faba bean was signi®cantly affected by mixed inoculation with all the Azotobacter strains tested (Student's t-test, Table 2 ); however, the magnitude of the effect of each strain was in¯uenced by the cell density applied, as indicated by the signi®cant cell density Â strain interaction (Table 2 ). Nodule dry weight was signi®cantly increased (38±53%) by coinoculation with strains H23 at 10 6 CFU ml À1 , Dv42 at 10 7 CFU ml À1 , and ATCC 12837 at 10 7 CFU ml À1 , when compared with control plants that received a single inoculation with strain Z25 (Fig. 1) . Speci®c ARA of nodule tissue and total ARA per plant for all the bacterial combinations assayed is shown in Fig. 2 . Both parameters were highly and signi®cantly enhanced by mixed inoculation with strain DR26 at the three cell densities applied. Strain ATCC 12837 also increased signi®cantly speci®c and total ARA, especially when applied at 10 8 CFU ml
À1
.
Effect of combined inoculation on growth parameters and N composition of plants
All the Azotobacter strains used exerted clear effects on both growth and N composition of coinoculated plants (Table 2 ). Considering the signi®cant interaction with the cell densities applied, root and shoot dry weights of faba bean plants were increased when coinoculated with A. chroococcum strain H23 applied at 10 6 CFU ml À1 , or A. vinelandii strains Dv42 and ATCC 12837 applied at 10 7 CFU ml À1 (Fig. 3) . The average values of dry weight for roots and shoots of plants inoculated with strain DR25 were always lower than those of control plants (Table 3) . This negative effect of strain DR25 was signi®cant on root dry weight when this strain was applied at a cell density of 10 7 CFU ml À1 . The total plant N content was generally increased by mixed inoculation, with the exception of plants treated with strain DR25 (Tables 2 and 3 ). This effect on total N was strongly correlated to dry matter accumulation in nodules (r 2 0.91, P < 0.001) and whole plants (r 2 0.99, P < 0.001). The N concentration (%) of root fractions was signi®cantly enhanced by combined inoculation with strains H23 (10 6 or 10 7 CFU ml À1 ), ATCC 12837 (10 8 CFU ml À1 ) and Dv42 (all treatments), whereas % N of shoots generally remained unaffected (Table 3) . Apart from Main effects (A) Cell density NS P < 0.01 NS NS NS NS NS P < 0.01 (B) Strain P < 0.001 P < 0.05 P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001
Interaction A Â B P < 0.001 P < 0.05 P < 0.001 P < 0.01 P < 0.001 P < 0.001 P < 0.001 strain DR25 which negatively affected plant growth, only strain ATCC 12837 increased signi®cantly (5.7% over control) N concentration of whole plants.
Discussion
The results presented in this paper are in agreement with the previous work which has shown that several plant growth-promoting rhizobacteria (Azospirillum, Pseudomonas, Azotobacter) exert signi®cant effects on Rhizobium±legume symbiosis, which are only observed when certain combinations of microbial strains and plant cultivars are used (Burns et al., 1981; Plazinsky and Rolfe, 1985; Polonenko et al., 1987; Chanway et al., 1989) . The cell density of the bacteria applied as inocula has been also described as a factor involved in the nature of the effects observed in coinoculated legumes (Plazinsky and Rolfe, 1985; Yahalom et al., 1987) . We have previously reported enhancement of R. leguminosarum bv. viceae±V. faba symbiosis by Azospirillum brasilense (Rodelas et al., 1996) , and similar effects on nodulation and growth parameters of this legume have been found in the present study after combined inoculation with appropriate cell numbers of certain strains of Azotobacter chroococcum (strain H23) or A. vinelandii (strains ATCC 12837 and Dv42) plus R. leguminosarum bv. viceae strain Z25, under controlled conditions of culture. These three strains promoted the growth of faba bean, increasing signi®cantly dry matter accumulation in all plant parts, including nodules. This faster growth rate resulted in a higher accumulation of N per plant, while the concentration of this nutrient (%N) in plant tissues remained similar to that found in control plants, suggesting that all the additional N absorbed was used to aid plant growth and development. The distribution of N between plant parts was slightly modi®ed by some combined inoculation treatments, which increased the concentration of N only in roots (strain H23, 10 6 or 10 7 CFU ml À1 ; strain Dv42, all treatments). Similar effects on N nutrition have been described for several cereals inoculated with plant growth-promoting azospirilla (Jain and Patriquin, 1984; Pacovsky et al., 1985) and also in faba bean coinoculated with Rhizobium plus Azospirillum brasilense (Rodelas et al., 1996) .
The ability of the two Azotobacter reference strains H23 and ATCC 12837 used as controls in this study to synthesize phytohormones and water-soluble vitamins has been well documented previously (Gonza Âlez-Lo Âpez et al., 1983 Marti Â nez-Toledo et al., 1991) . Apart for the general role of these compounds in growth-promotion of plants by free-living bacteria, phytohormones and vitamins have also been linked with the favourable in¯uence of combined inoculation of legumes with Rhizobium plus Azospirillum or Pseudomonas strains (Iruthayathas et al., 1983; Derylo and Skorupska, 1993; Okon and Itzigsohn, 1995) . On the other hand, local Azotobacter strains DR25 and DR26 were mainly chosen for inoculation of V. faba because of their high ARA values in pure culture. Combined inoculation with strain DR25 had a negative in¯uence on faba bean nodulation and growth parameters (Figs. 1 and 3) , especially when applied at 10 7 CFU ml À1 , although speci®c ARA of nodulated roots remained unaffected (Fig. 3) . By contrast, all inoculation treatments with strain DR26 resulted in very signi®cant increases (over 100%, Fig. 3 ) of speci®c and total ARA of nodulated roots. These results suggest that the positive effect of Azotobacter strains on R. leguminosarum bv. viceae±V. faba symbiosis can be completely unrelated to N 2 ®xing activity of the free-living strain, although the involvement of nitrogenase activity of strain DR26 in this increased ARA of nodulated roots may deserve more attention in future studies. Strains Dv42 and DR26 were isolated in this study from agricultural soils where faba bean culture is widespread and showed ability to enhance growth and/or N-®xation of this legume under the controlled conditions imposed.
Gnotobiotic plant inoculation experiments are useful as the only way to ascertain the particular characteristics and performance of pure bacterial isolates used as inoculants; however, their validity is limited as a method for strain preselection and determination of the inoculum densities that are more suitable for application of the inoculant under ®eld conditions. The fact that strains Dv42 and DR26 are naturally occurring is very interesting for the future application of combined inoculation to faba bean under ®eld conditions, as it should imply advantages in their ability for adaptation to soil, which is crucial for succesful rhizosphere colonisation and persistence. Cell density of the strains applied as inoculum has been shown to be a determinant in the production of the desired bene®cial effects on coinoculated plants, thus a poor adaptation of inoculant strains to the natural environment will negatively affect long term maintenance in the rhizosphere of the Rhizobium/ Azotobacter cell number ratios likely to produce a positive interaction. We consider that the information obtained from the experiments described here will be very helpful for the future design of a successful mixed inoculant for the cultivation of faba bean under real ®eld conditions. 
